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A B S T R A C T
A poly(ethylene glycol)-b-poly[N, N-dimethylacrylamide-ran-2-acrylamidoethyl nonanoate] (PEG-b-P(DMA-
AAEN)) block copolymer has been demonstrated to show double thermoresponsive behavior in aqueous solution
in the presence of hydroxypropylated cyclodextrin (HPCD). The polymer itself is insoluble in water due to the
presence of hydrophobic alkyl chain, however, with the presence of HPCD, fully dissolution of the polymer could
be obtained indicating the formation of host-guest interaction between HPCD and the alkyl chain. The clear
solution of HPCD/polymer complex showing a first thermoresponsiveness during heating and led to the for-
mation of small micelles stabilized by PEG chains and DMA segments. Upon further heating of the aqueous
solution, the small micelles aggregated and formed multimicellar aggregates. The reported double thermo-
responsive behavior may provide a new strategy of designing smart polymeric systems, which can find broad
applications in the fabrication of smart materials.
1. Introduction
Thermoresponsive polymers that change solubility in aqueous so-
lution upon heating or cooling have attracted increased attentions due
to their potential applications, such as sensors, actuators, delivery
materials.[1–8] The most reported thermoresponsive polymers are
those that undergo a hydrophilic-to-hydrophobic phase transition upon
heating, so-called lower critical solution temperature (LCST) behavior.
Examples of LCST polymers include poly(N-isopropyl acrylamide)
(PNIPAM),[9,10] poly(2-oxazoline)s and polypeptides.[11,12] In ad-
dition, polymers that show reverse phase behavior, i.e. precipitate upon
cooling, are known as upper critical solution temperature (UCST)
polymers,[13–15] e.g. poly(sulfobetaine methacrylate) (PSBM).[16]
Besides LCST and UCST polymers, thermoresponsive polymers that
exhibit two or more phase transition temperatures are more sophisti-
cated and interesting for the construction of smart polymeric materials,
e.g. shape changing polymer assemblies and hierarchy self-assembly
materials.[17,18] Most of the reported multi-thermoresponsive poly-
mers are block copolymers comprising two or more thermoresponsive
blocks, where the thermally induced phase transitions originate from
different blocks,[19–22] e.g. PNIPAM-b-PSBM with PNIPAM showing
LCST behavior and PSBM showing UCST behavior. [19] Construction of
non-block copolymers, e.g. homopolymers or statistic copolymers that
combine multi-thermoresponsive properties is more challenging and
has much less been reported.[23–26] One of the examples is poly(N,N-
dimethylaminoethyl methacrylate) in the presence of multi-anionic
counter-ions showing a LCST and, at high temperature, a UCST type
phase transition.[26,27] Statistical copolymers with double LCST or
double UCST behavior have not often been reported yet. The statistical
copolymer poly[2-(2-methoxyethoxy) ethyl methacrylate–ran-poly
(ethylene glycol) methyl ether methacrylate] was reported to reveal a
two-stage aggregation process upon heating by Tam et al. [28] The
copolymer undergoes a LCST type of phase transition in aqueous so-
lution and subsequently rearrangement of the assembly at a higher
temperature, leading to a more compact self-assembled structure.
Recently, we have developed a new type of LCST polymers based on
temperature sensitive host-guest interaction between hydro-
xypropylated β cyclodextrin (HPβCD) and poly[(2-ethyl-2-oxazoline)-
ran-(2-nonyl-2-oxazoline)].[29] The hydrophobic nonyl groups could
be shielded by HPCD via thermo-sensitive host-guest interaction to fa-
cilitate the dissolution of the polymer. Upon heating, the thermo-sen-
sitive host-guest interaction can be broken to release the hydrophobic
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nonyl groups and induce the phase transition in aqueous solution. The
resulting aggregates were found to have high stability upon cooling as
the alkyl chains are kinetically frozen, leading to a large hysteresis
between heating and cooling phase transition temperatures.
Inspired by this previous researches, we here report the formation a
double thermoresponsive block copolymer system with the assistance of
the reversible host-guest complexation between HPβCD and
hydrophobic alkyl-chains of an amphiphilic block copolymer (Scheme
1).
2. Results and discussions
To demonstrate the principle, a series of block copolymers with a
poly(N,N-dimethylacrylamide-ran-2-acrylamidoethyl nonanoate) (P
Scheme 1. Scheme of double thermoresponsive behavior of PEG-b-P(DMA-AAEN) in aqueous solution in the presence of HPCD.
Fig. 1. Dynamic light scattering characterization for the aqueous ED7A3-HPβCD system during (a,b) heating and (c,d) cooling process. (a, c) Volume-weighted size
distribution; (b,d) Hydrodynamic diameters and polydispersity (PDI) versus temperature. Polymer in solution was 1 mg/mL, with 3 equivalents HPβCD.
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(DMA-AAEN)) block and a permanent hydrophilic poly(ethylene
glycol) (PEG, Mn = 2 kg/mol) block were prepared by atom transfer
radical copolymerization of N,N-dimethyl acrylamide (DMA) and hy-
droxyethyl acrylamide (HEAA) using a PEG macroinitiator[30,31] fol-
lowed by post-polymerization modification with nonanoyl chloride to
install the octyl alkyl side chains (Scheme 1, see ESI for detailed
synthesis route and characterization data). The conversions and DPs of
the resulted polymers were characterized by gas chromatography (GC),
which determines the conversion of each monomer separately. Similar
conversions of DMA and HEAA were always observed in different
polymerization trials and different samples during polymerization,
which suggested random structures of DMA-HEAA and DMA-AAEN
blocks. The resulting copolymers were then named as EDxAy, with E, D
and A representing EG, DMAA and AAEN respectively, while x/y re-
presents the ratio of DMAA and AAEN.
The solubility of the copolymers was first investigated with and
without the presence of hydroxypropylated β-cyclodextrin (HPβCD)
(see Table S2). All the synthesized copolymers (see Table S1) were not
soluble in pure water due to the relatively high content of hydrophobic
octyl groups. However, with the presence of HPβCD, the copolymer
ED7A3(Mn = 14.1 kDa, Đ = 1.43) with the lowest content of hydro-
phobic units, was found to become soluble when 2.5 equivalents of
HPβCD were added relative to octyl group, which indicates that the
presence of HPβCD can promote the dissolution of the polymer in water
via host-guest complexation.[32] Note that it is not possible to de-
termine the association constant as the system is not soluble with lower
amounts of HPβCD.
The thermoresponsive behavior of ED7A3 in aqueous solution was
first evaluated by dynamic light scattering (DLS) during heating and
cooling of the polymer solution at a concentration of 1 mg/mL with the
presence of 3 equivalents of HPβCD. Representative volume based size
distributions at 30 °C, 38 °C and 44 °C are shown in Fig. 1. A double
size-distribution was detected at 30 °C with a main distribution at
around 2 nm in diameter (Fig. 1a). Considering the composition of the
system, this small size distribution was initially assigned to the excess of
HPβCD. However, DLS analysis of a HPβCD solution without polymer
(HPβCD concentration was the same as the ED7A3-HPβCD system) did
not show any significant scattering indicating that HPβCD could not
have been detected during the characterization of the polymer-HPβCD
system either. Hence, the distribution around 2 nm was assigned to
individual ED7A3 chains complexed to HPβCD. The rather small size
indicates that the polymer may self-collapse due to the hydrophobic
interaction between parts of the alkyl chains (there are still short chains
located outside of the HPβCD cavity) as confirmed by 1H NMR of the
system in D2O (will be discussed later). Small aggregates were detected
at ~38 °C as indicated by the size distribution at around 10 nm (dia-
meter). Such small aggregates formed by block copolymers are usually
ascribed to micelles. Further heating the sample to 40 °C induced the
formation of larger nanoparticles with an average diameter of
~256 nm. To fully understand the double thermoresponsive behavior of
the ED7A3-HPβCD system, the temperature dependent hydrodynamic
diameter (Dh) of the solutions was determined (Fig. 1b, note that the
intensity averaged diameters of the nanoparticles may be overestimated
due to the presence of small portion of aggregates). With increasing
temperature, the size of the nanoparticles in the system exhibited a
sharp increasing from 36 °C to 38 °C due to the formation of aggregates,
which indicates the first critical temperature (CT). The detected size
smoothly increased upon further heating without sharp changes, hence
the second CT was determined based on the comparison of the size
distributions at various temperatures. It is found that at 43 °C the size
distribution at ~14 nm disappears and the peak at about 300 nm be-
came the only distribution, which indicates the second CT. In addition,
the polydispersity (PDI) of the detected nanoparticles decreased upon
heating and reached ~0.1 above 50 °C indicating the formation of
defined aggregates.
The cooling process of ED7E3 solution (1 mg/mL) was also in-
vestigated with 3 equivalents of HPβCD, as shown in Fig. 1. Re-
presentative volume based hydrodynamic diameter (Dh) distributions at
40 °C, 35 °C and 2 °C were collected. Both large aggregates and micelles
with main size distribution around 250 nm and 15 nm were detected at
40 °C and 35 °C, respectively, which is in accordance with the two types
of aggregates observed upon heating. Unimers were not detected even
at 2 °C, unless annealing the sample in the fridge (2 °C) for overnight.
Such a big hysteresis was also observed for poly(2-oxazoline)s with
nonyl side chains, where the alkyl groups were kinetically trapped in
the precipitates.[29] In our case for ED7A3, the aggregation of the alkyl
groups in the micelles was also believed to be the reason for the ob-
served hysteresis. Temperature dependent DLS was also performed
during cooling (Fig. 1d), revealing the morphology change from large
aggregates to micelles at 35 °C, which is lower than the CT during
Fig. 2. 1H NMR spectra of ED7E3 in D2O (1 mg/mL) with 3 equivalents HPβCD, at 12 °C after incubation at 2 °C overnight; at 25 °C after incubation at 40 °C for
30 min; and at 40 °C. The data in brackets are integration of the peaks.
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heating indicating a slight hysteresis.
To confirm the double thermoresponsive behavior of ED7A3-HPβCD
system, 1H NMR spectra of the polymer solution were recorded at
various temperatures in deuterated water (see Fig. 2). To quantitatively
characterize the results, the resonance peak at ~2.6 ppm (protons from
PEG and methyl groups of DMA, assigned as g and h, respectively, see
Fig. S1 and Fig. S3–5) and ~1.1 ppm (protons from octyl group, as-
signed as b, see Fig. S1) were integrated using the peak at ~5.0 ppm as
internal standard (protons from HPβCD, assigned as i). At 40 °C and
25 °C, the integrals from both b and g + h were found to decrease in
comparison with those at 12 °C, at which temperature the polymer was
molecularly dissolved in D2O and hence all signals are present in the
expected integral ratios. As the PEG block is hydrophilic, the change on
the integral of peak g + h was ascribed to the chemical environment
change of DMA residues due to the aggregation of polymer chains.
Lower integrated values were found at 40 °C than at 25 °C, which can be
ascribed to the less inhibited motion of DMA residues and octyl groups
in micelles than large aggregates. It has been also noticed that the in-
tegration of octyl group was still underestimated at 12 °C in comparison
with 1H NMR of ED7A3 performed with CDCl3 as solvent (the in-
tegration of peak at 1.1 ppm was about 0.44 and 0.58 with D2O and
CDCl3 as solvent, respectively, if keeping the integration of g + h as 1),
which confirm our assumption that the polymers chains were still
partially collapsed below the first critical temperature.
The morphologies of the assemblies were characterized by trans-
mission electron microscopy (TEM), as shown in Fig. 3. The samples
were first prepared by dropping ED7A3-HPβCD solution (at 50 °C, with
1 mg/mL ED7A3 and 3 equivalents of HPβCD) on carbon film coated
copper grid (200 mesh) followed by evaporation of the water at 50 °C.
Representative TEM images are shown in Fig. 3a and Fig. S6. Only small
spherical nanoparticles with a diameter of ~6 nm were observed, which
is significantly smaller than the Dh obtained by DLS of the system at the
same temperature (~176 nm, see Fig. S7). It is, therefore, proposed that
a morphology change from larger aggregates to micelles occurred
during the evaporation of water while preparing the TEM sample. To
confirm the micelle structure, cryo-TEM was then performed for ED7A3-
HPβCD solution (at 50 °C, with 1 mg/mL ED7A3 and 3 equivalents of
HPβCD, see Fig. 3b and Fig. S7) showing spherical nanoparticles with a
diameter of about 50 nm, which confirmed the formation of larger
aggregates. Note that the size determined by microscopy are smaller
than Dh from DLS, as TEM only shows the size of the hydrophobic core
of the sphere, while Dh is the size of the core and the hydrated shell.
The mechanism of the double thermoresponsive behavior and
hierarchy self-assembling is not clear yet. However, we believe that the
thermosensitive host-guest interaction between HPβCD and alkyl
chains plays the key role. There are two possible thermoresponsive
processes upon heating: the breaking of host-guest interaction between
HPβCD and alkyl chains, or dehydration of the DMA segments and short
PEG chains. Base on the characterization mentioned, it is still arbitrary
to tell which mechanism is related to the two thermoresponsiveness of
the HPCD/polymer system. Regarding the two self-assembling struc-
tures formed upon heating of the HPCD/polymer complex, it is certain
that micelles stabilized by DMA segment and PEG chains was formed
after the first CT. Upon further heating, the micelles start to aggregate
due to the dehydration of PEG and DMA segments or the breaking of
HPβCD/alkyl chains complex, leading to the aggregate of micelles
forming multimicellar aggregates. Such micellar aggregation usually
are coursed by the weak stabilization of the micelle shield, as have been
observed by our previous research [33] and reports from other groups.
[34–38] Based on the above discussion, a scheme of the two-step self-
assembly behavior is proposed as shown in Scheme 1.
To show the possibility of tuning the CT’s of the complex system, the
thermoresponsive behavior of ED7E3 with 2.5 or 5 equivalents of
HPβCD in aqueous solution has also been investigated (Figs. S9–S12).
CT’s were determined and are plotted in Fig. 4. With 5 equivalents of
HPβCD, a similar double thermoresponsive behavior could be detected
during heating of the sample, with the transition temperatures in-
creased to 51 °C and 61 °C, respectively. During cooling of the system,
the micelles to unimer transition was detected at 36 °C, which is as-
cribed to the high concentration of guest molecules enabling reforma-
tion of the polymer-host–guest complex. For the system with 2.5
equivalents HPβCD, the molecular dissolved state was not achieved
even after incubation under ice/water bath for more than 10 h, which is
due to the lower amount of host molecules. CT’s for both first and
second transitions increased smoothly with increasing HPβCD equiva-
lents, which can be mainly ascribed to the high ratio of HPβCD/ octyl
complex due to the high concentration of HPβCD. In addition, the high
concentration of HPβCD may also change the solvent property and in-
creases the solubility of the polymer.
Next, we investigated the influence of the type of host molecules on
the double thermoresponsive behavior. Host-guest complex system with
2.5, 3 or 5 equivalents of hydroxypropyl-α-cyclodextrin (HPαCD) and
ED7A3 at 1 mg/mL in water were then prepared and investigated by
DLS during heating and cooling (Figs. S13–S18). CT’s were determined
and plotted in Fig. 4. All of the CT’s based on HPαCD systems were
found to be lower than ED7A3-HPβCD systems with the same con-
centrations of host molecules, which may be ascribed to weaker inter-
actions between HPαCD and alkyl group compared to HPβCD.[39]
Fig. 3. Microscopy images of ED7A3 assemblies in aqueous solution (1 mg/mL) with the presence of 3 equivalents HPβCD, collected by (a) TEM and (b) cryo-TEM.
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Moreover, the complexation between HPαCD and PEG chain may also
hinder the shield of alkyl chains via lowering the concentration of
available host molecules. The above results indicate that the double
thermoresponsive behavior of the ED7A3 can be well influenced within
a wide temperature range.
3. Conclusions
In summary, we have designed and synthesized a new type of am-
phiphilic block copolymer PEG-b-P(DMA-AAEN) showing double ther-
moresponsive behavior and two-step hierarchical self-assembly in the
presence of HPCD. The hydrophobic P(DMA-AAEN) block with octyl
groups can be molecularly dissolved in water in presence of HPβCD due
to the formation host–guest complexes. Upon heating of the solution,
the aqueous solution of HPβCD/polymer showing a double thermo-
responsive beahvior. Based on the characterization of DLS, 1H NMR,
TEM and cryo-TEM characterization, the two type of self-assembly
structures were formed, i.e. micelles stabilized by PEG chains and DMA
segments and multimicellar aggregates. We have also shown that such
thermoresponsive behaviors can be influenced by varying the con-
centration and type of host molecules. The double thermoresponsive
and hierarchy self-assembly behavior reported in this communication
may provide a new strategy to design smart polymers, which may find
broad application in the development of smart polymeric materials and
devices.
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